The DNA architectural protein Xis regulates the construction of higher-order nucleoprotein intasomes that integrate and excise the genome of phage lambda from the Escherichia coli chromosome. Xis modulates the directionality of site-specific recombination by stimulating phage excision 10 6 -fold, while simultaneously inhibiting phage reintegration. Control is exerted by cooperatively assembling onto a Ϸ35-bp DNA regulatory element, which it distorts to preferentially stabilize an excisive intasome. Here, we report the 2.6-Å crystal structure of the complex between three cooperatively bound Xis proteins and a 33-bp DNA containing the regulatory element. Xis binds DNA in a head-to-tail orientation to generate a micronucleoprotein filament. Although each protomer is anchored to the duplex by a similar set of nonbase specific contacts, malleable protein-DNA interactions enable binding to sites that differ in nucleotide sequence. Proteins at the ends of the duplex sequence specifically recognize similar binding sites and participate in cooperative binding via protein-protein interactions with a bridging Xis protomer that is bound in a less specific manner. Formation of this polymer introduces Ϸ72°of curvature into the DNA with slight positive writhe, which functions to connect disparate segments of DNA bridged by integrase within the excisive intasome.
The DNA architectural protein Xis regulates the construction of higher-order nucleoprotein intasomes that integrate and excise the genome of phage lambda from the Escherichia coli chromosome. Xis modulates the directionality of site-specific recombination by stimulating phage excision 10 6 -fold, while simultaneously inhibiting phage reintegration. Control is exerted by cooperatively assembling onto a Ϸ35-bp DNA regulatory element, which it distorts to preferentially stabilize an excisive intasome. Here, we report the 2.6-Å crystal structure of the complex between three cooperatively bound Xis proteins and a 33-bp DNA containing the regulatory element. Xis binds DNA in a head-to-tail orientation to generate a micronucleoprotein filament. Although each protomer is anchored to the duplex by a similar set of nonbase specific contacts, malleable protein-DNA interactions enable binding to sites that differ in nucleotide sequence. Proteins at the ends of the duplex sequence specifically recognize similar binding sites and participate in cooperative binding via protein-protein interactions with a bridging Xis protomer that is bound in a less specific manner. Formation of this polymer introduces Ϸ72°of curvature into the DNA with slight positive writhe, which functions to connect disparate segments of DNA bridged by integrase within the excisive intasome.
DNA bending ͉ recombination directionality factors ͉ site-specific DNA recombination ͉ x-ray structure M obile genetic elements such as bacteriophages, conjugative transposons, and pathogenicity islands promote the lateral exchange of foreign DNA, enabling bacteria to acquire metabolic, pathogenic, and antibiotic resistance determinants. To prevent potentially catastrophic changes in the genome, these DNA rearrangements are often tightly controlled by regulatory factors that function together with the recombinase. The integration and excision reactions of phage , which are controlled by the phageencoded Xis protein, serve as a paradigm for studies of regulated site-specific recombination (1) . Upon infection, specific DNA attachment sites located on the circularized phage genome (attP) and bacterial chromosome (attB) recombine to generate the integrated prophage with flanking hybrid sites (attL and attR) (Fig. 1A) . Cellular DNA damage initiates a series of events that result in prophage excision to regenerate attP on the episomal phage genome and attB on the chromosome. Although the DNA strand transfer steps in each reaction are catalyzed by the phage-encoded tyrosine recombinase integrase (Int) protein, and are mechanistically similar, directionality control is achieved by guiding the assembly of distinct higher-order nucleoprotein structures called intasomes. Viral integration occurs within an integrative intasome containing Int and the Escherichia coli-encoded integration host factor (IHF) (2, 3), whereas excision is performed within an alternative excisive intasome complex containing Int, Xis, IHF, and the factor for inversion stimulation (4) (5) (6) (7) .
Xis is the master regulator of recombination, stimulating phage excision in vivo Ͼ10 6 -fold, while simultaneously inhibiting phage reintegration (8) (9) (10) . These dual and opposing effects are elicited by its cooperative binding to a Ϸ35-bp DNA segment that contains two conserved sequence elements, X1 and X2 (Fig. 1B) . DNA bending by Xis promotes formation of the excisive intasome, but antagonizes formation of an integrative intasome (8, 11) . In addition, Xis stabilizes the synaptic complex by directly interacting with Int bound to the arms of the phage. Previously, the NMR structure of Xis (12, 13) and the x-ray structure of the complex between a single Xis protein and DNA have been reported (14) . Although this work revealed how Xis recognizes a single binding site, the mechanism through which it cooperatively binds and distorts the attR regulatory element has remained enigmatic. Here, we show that three Xis monomers work in concert to substantially bend DNA by forming a micronucleoprotein filament. The mechanistic implications of the structure on the site-specific recombination reactions of phage and the functions of recombination directionality factors in other systems are discussed.
Results and Discussion
Three Xis Proteins Cooperatively Bind to the attR Regulatory Element.
Traditionally, two Xis proteins have been thought to bind to two related 13-bp sequences called X1 and X2 (Fig. 1B) . However, the small size of the Xis protein and the 7-bp separation between the X1 and X2 sites has made it difficult to envision how cooperative binding could be achieved. Moreover, the sites are arranged in a head-to-tail configuration that would appear to necessitate the formation of an unusual asymmetric protein-DNA complex. To determine the number of Xis proteins that bind the regulatory element, we performed EMSAs. As observed (8, 13) , Xis forms a single low mobility complex over the Xis binding region embedded in a 263-bp fragment from attR ( Fig. 2A) . As this DNA fragment contains at least two binding sites for Xis, the results suggest that binding is highly cooperative. Unexpectedly, we find that cooperative binding by Xis is compromised on short DNA fragments. The gel in Fig. 2B reveals three distinct Xis-dependent bands over a broad range of Xis levels on a 54-bp fragment covering the Xis binding region [see supporting information (SI) Fig. 6 ]. The number of Xis proteins in the slowest mobility complex (labeled 3X in Fig.  2B ) was addressed by using a fluoroscein-labeled DNA fragment and 32 P-labeled Xis. The Xis used for this experiment had the C-terminal 17-aa residues that are disordered in solution replaced with a kinase tag ( ⌬55 Xis HMK ). We have shown previously that ⌬55 Xis binds attR in a cooperative manner that is nearly indistinguishable from the full-length protein (13) . Quantifying the fluorescence and radioactivity in the complex gave a molar ratio of 3.6 Ϯ 0.9 Xis molecules per DNA substrate. These experiments suggest that at least three Xis protomers are present in the attR regulatory complex.
Protein cross-linking experiments were performed to independently define the number of Xis protomers in the attR complex. 32 P-labeled full-length Xis HMK or ⌬55 Xis HMK were incubated with the fluoroscein-labeled attR substrate and subjected to cross-linking with amine-specific cross-linkers. After purification of the Xis-DNA complexes on native gels, the cross-linked Xis molecules were displayed on SDS/PAGE. The complex that is predicted to contain two Xis protomers from the native gel (2X in Fig. 2B ) contains a single product after cross-linking with bis(sulfosuccinimidyl)suberate (BS 3 ) (11-Å spacer) whose migration is consistent with two linked Xis monomers (Fig. 2C, lane 2) , and the slowest mobility band on the native gel (3X in Fig. 2B ) contains products consistent with cross-linked trimers and dimers (Fig. 2C, lane 3) . The slow mobility complexes formed with ⌬55 Xis and cross-linked with BS 3 or disuccinimidyl glutarate (DSG) (8-Å spacer) also contained linked trimer and dimer products (Fig. 2D ). The less efficient cross-linking obtained with ⌬55 Xis compared with that of full-length Xis probably reflects the absence of the lysine-rich and unstructured C terminus on the truncated derivative. Combined, the cross-linking and EMSA stoichiometry data indicate that three proximally positioned Xis proteins cooperatively bind the attR regulatory element.
EMSA experiments using truncated attR DNA segments suggest that the third Xis protomer binds between the X1 and X2 sites. In Fig. 2E , the DNA probe contained the P2 Int binding site and sequences over the Xis regulatory unit up to the beginning of the X2 sequence (Ϫ121 to Ϫ77) (SI Fig. 6 ). For this experiment we also Increasing concentrations of Xis were incubated with a 32 P-labeled attR fragment (Ϫ220 to ϩ43) and electrophoresed in a native polyacrylamide gel. (B) Xis binding to short attR DNA fragments (Ϫ104 to Ϫ51) exhibits reduced cooperativity. 1X, 2X, and 3X represent DNA complexes postulated to contain one, two, and three Xis monomers, respectively. (C) Cross-linking of Xis-attR complexes. 32 P-labeled Xis HMK was incubated with fluorescein-labeled attR DNA (Ϫ104 to Ϫ54), subjected to cross-linking with BS 3 , and electrophoresed in a native gel as in B. Xis complexes representing 2X and 3X were extracted from the native gel and subjected to SDS/PAGE. The number of cross-linked Xis monomers in each product band is based on their apparent molecular mass. (D) Cross-linking of ⌬55 Xis-attR complexes. Protocol was the same as in C except that 32 P-labeled ⌬55 Xis HMK was subjected to cross-linking with BS 3 (11-Å spacer) or DSG (8-Å spacer), and the cross-linked products were extracted from the dominant slowest migrating complex. (E) Binding of Int 1-64 and two Xis protomers to attR fragments missing the X2 site. Xis (0.53 M) and His Int 1-64 (3 M) were incubated with a 32 P-labeled 45-bp probe (Ϫ121 to Ϫ77) containing the P2 and X1 binding sites as designated and electrophoresed in a native polyacrylamide gel. The identities of each of the bands based on their electrophoretic mobilities are denoted. The sequences of the oligonucleotide substrates are given in SI Fig. 6 .
used the N-terminal His-tagged domain of Int (
His Int ) that contains the DNA-binding and Xis cooperativity determinants (15) (16) (17) . As shown in lane 2 of Fig. 2E , a weak complex is formed in the presence of His Int 1-64 alone, which corresponds to a monomer of His Int 1-64 bound to P2. In the absence of His Int 1-64 , WT Xis forms two weak complexes on this substrate (Fig. 2E, lane 3) , whereas addition of both Xis and His Int results in the formation of two prominent novel complexes (Fig. 2E, lane 4) . The migration of the faster band is consistent with the presence of one Xis monomer and one His Int 1-64 monomer, whereas the slower migrating band is consistent with the presence of two Xis monomers and one His Int monomer. This result supports a model in which Xis bound to X1 recruits an additional Xis protomer in the presence of Int, even though the X2 site is missing from the probe, and strongly implies that in the trimeric Xis-DNA complex, sites X1 and X2, and the intervening DNA, are occupied by Xis.
The Structure of Three Xis Proteins Bound to the X1-X2 DNA Segment
Reveals a Micronucleoprotein Filament. To gain a high-resolution view of the cooperative Xis-DNA complex, we solved the cocrystal structure of ⌬55 Xis bound to a 33-bp DNA duplex containing sites X1 and X2 (the Xis-DNA X1-X2 complex). The structure was refined to 2.6-Å with R work and R free values of 19.9% and 24.6%, respectively (SI Table 1 ). The asymmetric unit of the Xis-DNA X1-X2 complex contains three proteins bound to the DNA molecule. The complex resembles a nucleoprotein filament as the proteins are positioned in a head-to-tail arrangement along one face of the duplex forming a continuous interface that buries 5,100 Å of solvent-exposed surface area (Fig.  3A) . The proteins adopt nearly identical ''winged'' helix structures that are very similar to the structure of Xis in the DNA free state and its conformation when bound to a single DNA binding site (described in Fig. 3A legend) . However, in this complex, unique protein-protein interactions function to cumulatively bend the duplex by Ϸ72°. A summary of the Xis-DNA contacts observed in the structure is presented in SI Fig. 7 .
The three tandemly arranged proteins are positioned over their respective binding sites in a similar manner, with each inserting its ␣2 helix and wing motif into the major and minor grooves, respectively. Base-specific recognition is primarily achieved by Xis interactions with the terminal X1 and X2 sites that share nearly identical nucleotide sequences. In contrast, the third protomer is bound in a largely nonspecific manner to a central site that differs substantially in nucleotide sequence, hereafter referred to as site X1.5. Sites X1 and X2 are recognized by major groove contacts from the side chains of Glu-19 and Arg-23 in the ␣2 helix. At each interface, the side chain of Glu-19 forms a salt bridge with the guanidino group of Arg-26, which positions it to accept a hydrogen bond from the N4 amine of a conserved cytosine base (C42 and C62 in sites X1 and X2, respectively) (Fig. 3B) . In addition, the guanidino group of Arg-23 donates hydrogen bonds to conserved G5-T6 (site X1) and G25-T26 (site X2) base steps. Locking the recognition helix into place is a network of contacts to the surrounding phosphodiester backbone that originate from residues within the turn preceding helix ␣2, the ␤3/␤4 wing, and the recognition helix (SI Fig. 7) . All of the nonspecific and specific interactions at sites X1 and X2 are compatible with extensive mutagenesis data describing the Xis-DNA interaction (13, 18) . Moreover, DNA regions protected from hydroxyl radical cleavage by Xis binding to long (203 bp) DNA fragments in solution correspond well to the locations of the Xis wings at all three binding sites in the crystal (SI Fig. 8 ).
In the crystal structure, pliant interfacial side chains enable Xis to nonspecifically bind the central X1.5 site. In the major groove of site X1.5, an A-C base step replaces the conserved G-T base step that is sequence-specifically recognized in sites X1 and X2. To accommodate this alteration, the side chain of Arg-23 is rotated away from the major groove to form a salt bridge with the phosphate of T14 (Fig. 3C) . Interestingly, Arg-23 can readily toggle between specific and nonspecific binding conformations, because model building of the electron density at site X2 reveals that it contacts the G-T base step only Ϸ25% of the time in the crystal, whereas the rest of the time it adopts the phosphate contacting conformation observed at site X1.5. Structural plasticity in the protein-DNA interface extends into the minor groove where contacts primarily originate from the side chain of Arg-39 located in the wing. Hydrogen bonds to the O2 atoms of T14, T24, and T34 are conserved at all three sites, but additional hydrogen bonds to thymines and adenines are formed at each site, depending on the sequence. Although radical changes in the nucleotide sequence of X1.5 can be made without adversely affecting filament formation (data not shown), the DNA sequence within X1.5 contains an appropriately positioned cytosine base that enables a lone sequence-specific contact from the side chain of Glu-19 (Fig. 3C) . Cooperative binding is mediated by the Xis protein bound to site X1.5, which contains two protein-binding surfaces that participate in reciprocal interactions with adjacent protomers. It uses residues within the turn that connects helices ␣1 and ␣2 (the ␣1-␣2 turn) to contact the wing of the protomer bound to site X1 ( Fig. 4A ; X1-X1.5 interface), whereas residues within its wing contact the ␣1-␣2 turn of Xis bound at site X2 ( Fig. 4B ; X1.5-X2 interface). Electrostatic interactions predominate within each interface and exclude a similar amount of solvent accessible surface area (the X1-X1.5 and X1.5-X2 interfaces bury 700 and Fig. 2 A. The identity of the Xis mutant is indicated at the top: R16A (C), D37A (D), R13E (E), and a double R13A and R14A mutant (F). The lanes designated WT contained reactions using 116 nM WT Xis; Ϫ designates that no Xis was added. Data shown for the R16A mutant are modified from figure 5C of ref. 13 . involved, the interprotomer interactions at each interface are strikingly different, because the protomers bound to sites X1-X1.5 are rotated with respect to one another by 15°, whereas those bound at the X1.5-X2 interface are positioned at a 31°angle. As a result, only a single set of hydrogen bonding and electrostatic contacts are conserved within each interface; the side chain of Arg-16 originating from the ␣1-␣2 turn contacts the carboxyl side chains of Asp-37 and Glu-40 in the neighboring protomer (Fig. 4 A and B) . Consistent with the importance of these interactions implied by the structure, mutants containing alanine substitutions at either Arg-16 and Asp-37 no longer cooperatively bind DNA and only form nonspecific complexes (Fig. 4 C and D) (13) . In addition, an Xis protein containing a Glu-40-Ala mutation has been reported to exhibit increased nonspecific binding (18) .
The remaining interprotomer interactions are unique, but generally involve the same amino acids. For example, in both interfaces the side chain of Arg-14 interacts with residues in an adjacent protomer. When it is located in the X2-bound Xis protein, Arg-14 forms a salt bridge to the Glu-40 side chain of Xis bound to site X1.5. In contrast, when Arg-14 originates from the X1.5-bound protomer, it contacts the side chain of Glu-7 and backbone atoms of the protein at site X1. The side chain of Arg-13 is involved in direct interactions only at the X1-X1.5 interface, where it is positioned to form multiple contacts with Asp-37. These interactions appear to play a less important role in stabilizing the complex because R13A and R14A mutants of Xis have comparatively milder binding phenotypes as compared with alanine mutants that alter Arg-16 and Asp-37 (data not shown). However, single R13E (Fig.  4E ) and double R13A, R14A (Fig. 4F ) mutants exhibit severe reductions in cooperative binding, demonstrating that these residues also participate in stabilizing the attR complex. Related, but nonidentical, contacts between interfaces within protein filaments that polymerize on DNA have been observed previously (e.g., refs. 19 and 20) .
Although Xis only modestly distorts DNA when bound to a single site (14) , interprotomer interactions within the filament stabilize in-phase DNA distortions that cumulatively bend the duplex by 72°. At each binding site a series of modest positive roll angle changes in base steps proximal to the recognition helix narrows the major groove by as much as 2.5 Å (8.5 Å in the complex versus 11 Å in typical B-form DNA). Further bending toward the protein occurs at the adjacent minor groove interfaces, which are also compacted to accommodate insertion of Arg-39 for direct and water-mediated hydrogen bonding. Contacts from adjacent Xis protomers in the filament are required for maximal bending. At sites X1 and X1.5, which exhibit the largest degree of bending (38 o and 24 o , respectively), interactions originating from a downstream positioned Xis protomer facilitate minor groove compression by neutralizing anionic phosphates and stabilizing the positioning of the wing (Fig. 4  A and B) . The absence of these contacts at the terminal X2 interface and in a complex that contained a single Xis bound to DNA (14) may explain why the DNA in these structures is only modestly bent. Although there is a nick in the DNA used to form the crystal, a comparison of bending between sites X1 and X1.5, where the nick resides, indicates that its contribution to the overall bending of the DNA is minimal.
Models of the excisive intasome require Xis to juxtapose distally positioned Int arm-and core-binding sites by substantially altering the trajectory of DNA. The curvature introduced by the three contiguous Xis protomers in the Xis-DNA X1-X2 crystal structure demonstrates how Xis performs this critical architectural function. We attempted to dock the Xis-DNA X1-X2 crystal structure onto a recent structure of an Int tetramer bound to antiparallel discontinuous DNA segments representing the P and PЈ arm binding sites plus core binding sites in a Holliday junction configuration (21) . The resulting connection of the P arm and core Int binding sites generated a structure for the intact excisive intasome that is incompatible with the previously established temporal order of DNA exchanges that occur during the excision reaction (22, 23) . Thus, additional structural information with respect to the configuration of Int arm sites will be required to generate a structural model for the excisive intasome.
Nucleoprotein Filaments. Xis is the founding member of a diverse family of proteins that function to control reactions that rearrange DNA, called recombination directionality factors (RDFs) (24) . Many of the RDFs share two common features with Xis: they adopt a similar winged-helix fold and cooperatively bind DNA as oligomers to produce extensive footprints (25) (26) (27) (28) (29) (30) . For example, the small Xis protein encoded by mycobacteriophage L5 is predicted to bind to four related sequence motifs spaced Ϸ10 bp apart to form a stable and bent DNA complex (27) . The low molecular weight Xis protein from the Tn916 transposon also exhibits similar binding behavior and produces large footprints that contain hypersensitive cleavage sites characteristic of wrapped or bent DNA (31, 32) . It seems likely that many of these proteins also assemble into nucleoprotein filaments, which function to stabilize recombinogenic higher-order structures. In the Xis microfilament, the bends introduced by each Xis protein are not coplanar, resulting in positive writhe that is readily visualized when an extended filament is modeled (Fig. 5) . The DNA encircles the Xis protomers in the filament, possibly explaining why DNA bound by RDFs frequently exhibit periodic DNase I hypersensitivity.
Nucleoprotein filaments play important roles in other types of reactions. The most intensively studied filaments are those assembled by the RecA/RAD51 family of proteins, which catalyze homologous DNA pairing and strand exchange (33) . Polymerization of DnaA within the oriC DNA region is believed to control open complex formation during initiation of replication (34) . Formation of H-NS filaments containing one or two DNA duplex segments has been shown to silence transcription at promoters (35) . In addition, localized filaments of nucleoid proteins are believed to contribute to compaction of bacterial chromosomes (36) . Some of these protein filaments have been visualized by x-ray crystallography at varying resolutions [e.g., RecA (37), RAD51 (19) , and DnaA (31)], but in most cases, the DNA was not present during crystal growth or not visible in the electron density maps. Although the details of the molecular interactions involved in each system will no doubt vary, the present structure of the Xis-DNA X1-X2 complex reveals how pliant protein-protein and protein-DNA interactions contribute to polymerization along DNA. Materials and Methods DNA Binding, Stoichiometry, and Cross-Linking Assays. Xis-DNA binding reactions and EMSAs using WT and mutant derivatives of Xis were performed as described (13) . Full-length Xis HMK contains the sequence coding for MRRASL added by PCR to the N terminus of otherwise WT Xis, and ⌬55 Xis HMK contains the sequence coding for ARRASL(TAA) added after residue 55 of Xis containing Cys-28 replaced with alanine.
His Int 1-64 that was used in Fig. 2E contains the first 64 residues of Int with a six-histidine tag at the N terminus. DNA probes were generated by PCR where one or both primers were 5Ј 32 P-end-labeled; Fig. 2E shows a synthetic duplex oligonucleotide probe representing the attR sequence from Ϫ121 to Ϫ77 (SI Fig. 6 ). HPLC-purified fluorescein (6-FAM)-labeled 51-bp oligonucleotides representing the attR sequence between Ϫ104 to Ϫ54 (SI Fig. 6 ) were purchased from SigmaGenosys (St. Louis, MO). Stoichiometry experiments using 32 Plabeled ⌬55 Xis HMK and the 6-FAM duplex oligonucleotides were performed essentially as described (38) . Xis cross-linking reactions were performed in a similar manner to those described in ref. 39 .
Binding reactions were assembled on the 6-FAM 51-bp attR oligonucleotides with 525 nM 32 P-labeled Xis HMK or ⌬55 Xis HMK . The reactions were then incubated with 3.4 mM BS 3 or DSG for 60 min at 37°C, quenched with the addition of 20 mM glycine, and applied to an 8% native polyacrylamide gel. Xis-DNA complexes were localized by fluoroimaging and phosphorimaging, relevant bands were excised, and Xis proteins were recovered and subjected to SDS/PAGE following the protocols described (39) .
Crystallization, Data Collection, and Structure Determination. Details describing complex crystallization, data collection, and structure determination are provided in SI Text. A representative portion of the experimental electron density map after solvent flattening is shown in SI Fig. 9 .
